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The assembly and nuclear transport of RNA polymerase II (RNA pol II) are processes that require the participation of many aux-
iliary factors. In a yeast genetic screen, we identified a previously uncharacterized gene, YMR185w (renamed RTP1), which en-
codes a protein required for the nuclear import of RNA pol II. Using protein affinity purification coupled to mass spectrometry,
we identified interactions between Rtp1p andmembers of the R2TP complex. Rtp1p also interacts, to a different extent, with
several RNA pol II subunits. The pattern of interactions is compatible with a role for Rtp1p as an assembly factor that partici-
pates in the formation of the Rpb2/Rpb3 subassembly complex and its binding to the Rpb1p-containing subcomplex. Besides,
Rtp1p has a molecular architecture characteristic of karyopherins, composed of HEAT repeats, and is able to interact with phe-
nylalanine-glycine-containing nucleoporins. Our results define Rtp1p as a new component of the RNA pol II biogenesis machin-
ery that plays roles in subunit assembly and likely in transport through the nuclear pore complex.
In eukaryotes, RNA polymerase II (RNA pol II) synthesizesmRNA and several noncoding RNAs. RNA pol II is a multisub-
unit enzyme composed of 12 subunits that are highly conserved
among eukaryotes and whose structure has been well character-
ized (1). Yeast RNApol II can dissociate into a 10-subunit catalytic
core and a heterodimer of subunits Rpb4p and Rpb7p, which are
required for the initiation from promoter DNA (2). The two large
subunits, Rpb1p and Rpb2p, form the central mass of the enzyme,
whereas the smaller subunits generally bind on the surface. Al-
though the structure and functional regulation of RNA pol II have
been characterized in detail, the study of its biogenesis has only
recently been pursued. By assuming that the assembly of eukary-
otic RNA pol II is similar to that of the bacterial polymerase, as
subunit dissociation experiments suggest (3), it has beenproposed
that RNA pol II assembly would start with the formation of the
Rpb3 subassembly, followed by the docking of the Rpb2 subas-
sembly and finally the binding of the Rpb1 subassembly (4). The
assembly process requires the participation of proteins that are
not components of the mature enzyme. Several proteins that in-
teract transiently with RNA pol II with a putative role as assembly
factors have been identified. Thus, multiple interactions between
GPN1/RPAP4 (Npa3p in yeast) and RNA pol II subunits in the
soluble fraction of human cell extracts have been identified by
performing protein affinity purification coupled to mass spec-
trometry (AP-MS) (5). GPN1 is a cytoplasmic-nuclear shuttling
GTPase (5, 6) that associates with RNA pol II in a GTP-dependent
manner (7). The involvement of GPN1 and its Saccharomyces
cerevisiae homolog, Npa3p, in the nuclear import of RNA pol II
has been confirmed by other reports (7, 8). UsingMS-based quan-
titative proteomics on human cell extracts, a cytoplasmic RNApol
II intermediate containing the Rpb1p and Rpb8p subunits associ-
ated with the R2TP/prefoldin-like complex has been detected (9).
The R2TP complex was identified in a set of high-throughput
physical and genetic interaction screens of the Hsp90 chaperone
in yeast (10), and a homologous complex was later described in
humans (11, 12).
Another protein involved in the nuclear import of RNA pol II
is Iwr1p. This protein was identified in a genetic screen for sup-
pressors of the growth defect caused by depletion of the transcrip-
tion repressorNC2 (13, 14) and in high-throughputMS screens of
yeast as a protein that interacts with RNA pol II (15, 16). Deletion
of IWR1 hasmajor effects on the cell transcription profile (14, 17),
although Iwr1p has not been associated with RNApol II when this
enzyme is recruited to the promoter of active genes (14). In a
recent report, Czeko et al. showed that Iwr1p binds to the active-
center cleft formed by the two largest RNA pol II subunits (17).
This binding pocket occurs only inmature polymerase, suggesting
that Iwr1p binding is restricted to the completely assembled poly-
merase. Bound to RNA pol II, Iwr1p uses its nuclear localization
signal (NLS) to direct the RNA pol II nuclear import via the clas-
sical importin -dependent pathway. In the nucleus, Iwr1p is dis-
placed from the active-center cleft of RNA pol II during transcrip-
tion initiation complex formation and is exported to the
cytoplasm using a nuclear export sequence in an Xpo1p-depen-
dent manner (17).
Here we show that another gene identified as a suppressor of
NC2 defects, YMR185w, encodes a protein that is structurally re-
lated to karyopherins and that is required for the nuclear localiza-
tion of RNA pol II. We have renamed the YMR185w open reading
frame RTP1 (required for the nuclear transport of RNA pol II).
The role of Rtp1p in the nuclear import of RNA pol II does not
depend on Iwr1p because this protein can be imported into the
nucleus in the absence of Rtp1p. Rtp1p physically interacts with
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components of the R2TP complex and with several RNA pol II
subunits. The pattern of interactions suggests a role for Rtp1p in
facilitating the starting interaction between subassemblies Rpb2
and Rpb3 and then the interaction of the resulting complex with
the Rpb1 subassembly. Besides, Rtp1p interacts with phenylala-
nine-glycine (FG)-containing nucleoporins in vivo and in vitro,
suggesting that Rtp1p can also participate in the transport of RNA
pol II through the nuclear pore complex (NPC).
MATERIALS AND METHODS
Strains, plasmids, and genetic methods. All of the strains used in this
study are listed in Table S1 in the supplemental material. Standard genetic
analysis and transformation methods were used. For the growth assays,
yeast cultures were diluted to the same optical density at 600 nm and serial
dilutions (1:10) were spotted onto YPD (2% dextrose, 1% yeast extract,
2% peptone) or YPGal (2% galactose, 1% yeast extract, 2% peptone).
Doxycycline was used at a concentration of 10 mg/liter. The wild-type
promoter was replaced with the GAL10 promoter (including three copies
of the hemagglutinin [HA] epitope), nonessential genes were deleted by
substituting the coding sequence for the his5 or the kanr marker, and HA
or green fluorescent protein (GFP) tags were added by using a PCR-based
method as previously described (18). C-terminal tandem affinity purifi-
cation (TAP) tags were added as described previously (19). Replacement
of the wild-type promoter with the tetO promoter was performed as pre-
viously described (20). We were unable to transform the haploid rtp1
mutant strains. In order to introduce genomic changes into a rtp1mu-
tant background, the heterozygous rtp1/RTP1 diploid was transformed
and sporulated to obtain the strain with the desired genotype. The genetic
screen to isolate the suppressors of NC2 has been previously described
(13).
In order to construct ptetO-IWR1-NES-GFP, a NotI-PstI PCR frag-
ment from pIWR1-NES-GFP (14) was ligated into the NotI-PstI sites of
the pCM189 vector (20). For the pGST-Nup100 construct, PCR was used
to create a BglII site upstream and a EcoRV site downstream in a fragment
between positions 4 and 1740 of the NUP100 open reading frame. This
fragment was inserted between the BamHI and SmaI sites of pGEX-3X
(GEHealthcare). Similarly, PCRwas used to obtain a BglII-EcoRV restric-
tion fragment including the NUP116 open reading frame between posi-
tions 4 and 2160. This fragmentwas inserted into the pGEX-3Xpolylinker
to obtain the pGST-Nup116 construct. For theHis6-RTP1 construct, PCR
was used to obtain a XhoI-PstI restriction fragment, including the RTP1
open reading frame. This fragment was inserted into the XhoI-PstI sites of
the pRSET-A plasmid (Life Technologies) to obtain the pRSET-RTP1
plasmid. To construct pBTM116-RTP1, a SmaI-PstI fragment was in-
serted into the BamHI (filled with Klenow fragment)-PstI sites of
pBTM116. To construct pGAD-NUP100, a BamHI-PstI restriction frag-
ment from pGST-Nup100 was cloned into the BamHI-PstI sites of
pGAD-C1 (21). To construct pGAD-NUP116, an MfeI-NsiI fragment
from pGST-Nup116 was cloned into the EcoRI-PstI sites of pGAD-C2
(21). YEp-Rpb2t has been previously described (13). The YEp-Rpb2t-
TAP plasmid was made by introducing the TAP tag into the EcoRI site of
RPB2 in plasmid YEp-Rpb2t. To construct plasmid pRTP1-GFP, genomic
DNA from the strain containing the RTP1::GFP::Kanr allele was digested
with SbfI andKasI and ligated into the YCplac33 vector. Plasmids with the
right insert were selected in LB plates containing ampicillin and kanamy-
cin.
Protein structure modeling. Rtp1p models were obtained from the
I-TASSER server (http://zhanglab.ccmb.med.umich.edu/I-TASSER/).
The structural homologs of Rtp1p were searched for with I-TASSER and
PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred/). The structural and func-
tional analogs of Rtp1p were searched for with COFACTOR (http:
//zhanglab.ccmb.med.umich.edu/COFACTOR/). Protein structure fig-
ures were created with PyMOL (http://www.pymol.org/).
Fluorescence microscopy. Yeast cells grown to the early exponential
phase were used for fluorescence microscopy. DAPI (4=,6-diamidino-2-
phenylindole) staining of 4% (wt/vol) paraformaldehyde-fixed cells was
performedwith 2.5g/ml (wild-type cells) or 7.5g/ml (iwr1 andrtp1
mutants) DAPI in phosphate-buffered saline (PBS) for 30 min, and the
cells were washed three times with PBS to visualize GFP fusion proteins.
Aliquots (1.2 l) of the cultures were put onto microscope slides and
covered with coverslips (18 by 18mm). Cells were visualized using a Zeiss
Axioskop II fluorescence microscope. Images were scanned with a SPOT
digital camera (Diagnostic Instruments, Inc.). A quantitative estimation
of the intensities of the nuclear and cytosolic signals was achieved by
determining the ratio of the average pixel intensity in the nuclear region of
the cell to that in the cytosolic region in at least 30 cells from three inde-
pendent experiments with the AxioVision v4.7 software (Zeiss Inc.). Yeast
immunofluorescence was carried out as previously described (22).
Yeast two-hybrid analysis. Yeast strain EGY40, containing the lacZ
reporter plasmid pSH18-34 and the LexA-Rtp1p-expressing plasmid
pBTM116-RTP1, was cotransformed with pGAD-NUP100, pGAD-
NUP116, or the empty pGAD-C2 vector (21). Transformed cells were
grownon synthetic completemedium lacking Leu-Trp-Ura to assay-ga-
lactosidase activity as previously described (23).
In vitro pulldown assay. The expression and purification of the glu-
tathione S-transferase (GST) fusion proteins were performed as previ-
ously described (24). The in vitro binding assays were carried out as pre-
viously described (25). Immobilized GST fusion proteins (normalized to
contain the same amount of beads) were incubated for 1 h at 4°C with the
Ni2 affinity chromatography-purified His6-Rtp1p protein. Beads were
extensively washed, resuspended in 2 Laemmli sample buffer, and ana-
lyzed on 10% polyacrylamide gels. Gels were stained with Coomassie blue
to visualize the GST proteins. His6-Rtp1p was detected by Western blot-
ting using the anti-Xpress antibody (Life Technologies).
Immunoprecipitation. For the immunoprecipitation of HA- and
TAP-tagged proteins, whole-cell extracts were prepared from yeast strains
in lysis buffer containing 20 mMHEPES (pH 7.6), 150 mM NaCl, 5 mM
MgCl2, 10% glycerol, and protease inhibitors (Complete; Roche). A total
of 6mg of extract was incubated with 30l of HA-agarose (Roche) or 100
l of IgG-Sepharose (GE Heathcare) and rotated at 4°C for 4 h. Beads
were washed four times with 400 l of lysis buffer. Bound proteins were
eluted by incubation at 95°C for 5 min in 2 Laemmli sample buffer.
Tandem affinity purification and mass spectrometric analysis. Pu-
rification of Rtp1-TAPwas performed as described previously (26). Rtp1-
TAP and associated proteins were recovered from cell extracts by affinity
selection on an IgG matrix. After washing, the Tobacco etch virus (TEV)
protease was added to release the bound material. The eluate was incu-
bated with calmodulin-coated beads in the presence of calcium. After
washing, the bound material was released by incubation with EGTA. The
eluate was analyzed by multidimensional protein identification technol-
ogy (MudPIT) by mass spectrometry (27) or trichloroacetic acid precip-
itated and analyzed by Western blotting.
Western blot analysis.The proteins eluted from immunoprecipitated
complexes or the total protein extracts prepared by alkaline lysis of expo-
nentially growing yeast (28)were separated by 8%SDS-PAGE.HA-tagged
proteins were detected with the 3F10 monoclonal anti-HA antibody
(Roche), TAP-tagged proteins were detected with anti-PAP antibody
(Sigma), Rpb1pwas detected with the 8WG16monoclonal antibody (Co-
vance), and Rpb3p was detected with the anti-Rpb3p monoclonal anti-
body (NeoClone). Chemiluminescence was visualized (ECL Advanced;
GE Healthcare) according to the manufacturer’s instructions.
RESULTS
YMR185w/RTP1mutations suppress thedepletionof transcrip-
tional repressor NC2. In order to identify mutations that sup-
press the requirement for NC2, we used a yeast strain in which the
genes encoding the two NC2 components (YDR1 and BUR6) are
under the control of the GAL10 promoter. Transposon insertion
mutants were generated in this strain by using a yeast genomic
library mutagenized by the insertion of an mTn3-lacZ/LEU2
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transposon (29). Suppressor mutants were selected for the ability
to grow on dextrose-containing plates at room temperature, and
transposon insertion sites were determined. We isolated three in-
dependent clones in which transposon insertions were mapped at
different locations in the YMR185w/RTP1 open reading frame
(nucleotide positions 511, 923, and 1173 from the ATG codon).
Thus, suppression was most likely to be the consequence of a
complete loss of the Rtp1p function, as the insertion at 511 nucle-
otides from the ATG codon results in the production of an N-ter-
minal 170-amino-acid fragment of the 982-amino-acid RTP1
open reading frame. Reports on whether the RTP1 null mutant is
viable or not have conflicted (30, 31). Therefore, we analyzed the
viability of the rtp1 null mutant in our background by sporulating
a heterozygous diploid. Although the four spores were viable, the
segregants carrying a complete deletion of RTP1 exhibited ex-
tremely impaired growth (Fig. 1A). As expected, mutation of
RTP1 suppressed the growth defects caused by the depletion of
either or both NC2 components (Fig. 1B).
In addition to some components of the basal transcriptional
machinery, our screen for suppressors of the NC2 function iden-
tified IWR1 andRTP1 (13, 14; this report). To investigate whether
RTP1 and IWR1 are genetically related, we constructed a yeast
strain carrying a deletion of RTP1 and the IWR1 gene under the
control of the repressible tetO promoter. As observed in Fig. 1C,
depletion of Iwr1p by addition of doxycycline in the absence of
Rtp1p abolished cell growth.
Structural analysis and cellular localization of Rtp1p.Two of
the several Rtp1p models obtained with I-TASSER gave C score
values of 1.30 and 1.31, which were above the conventional
1.5 confidence cutoff value (32). The protein structures used as
templates to build these models were human importin b (Protein
Data Bank [PDB] ID 1QGK) (33) and transportin 1 (PDB ID
2Z5K) (34). A number of structures corresponding to human and
yeast proteins with significant structural homology to Rtp1p were
detected by I-TASSER and PSIPRED. The common feature of all
of these proteins was the characteristic HEAT repeat architecture
of the karyopherin- (Kap) family (35). The sequence identity of
Rtp1p with homologous proteins from higher eukaryotes was too
low to yield meaningful results with sequence comparison pro-
grams. The structural and phylogenetic relationship can be con-
sistently established by using algorithms that compare secondary
and tertiary structures. By combining both approaches, we con-
cluded that the protein encoded by the TMCO7 gene is the closest
human relative to Rtp1p.
We analyzed the cellular localization of Rtp1p in vivo by using
an Rtp1-GFP fusion (expressed under the control of the RTP1
promoter) (Fig. 2A) and by indirect immunofluorescence utiliz-
ing an HA-Rtp1p fusion (expressed under the control of the
strong GAL10 promoter) (Fig. 2B). In both cases, Rtp1p was ob-
served throughout the cell. We did not detect any significant
change in the cellular localization of Rtp1p through the deletion of
FIG 1 RTP1 is a nonessential gene whose deletion suppresses the depletion of NC2 components Bur6p and Ydr1p. (A) Heterozygous diploidrtp1::Kanr/RTP1
was sporulated and segregants were incubated in a YPD plate for 8 days at 25°C. Segregants carrying thertp1::Kanr deletion are indicated by rectangles. (B) The
rtp1 mutation was combined with the PGAL10-BUR6 and/or PGAL10-YDR1 alleles, and the wild-type (FY86) and mutant cells were spotted onto YPGal or YPD
plates and incubated for 8 days. (C) Genetic interactions between rtp1 and iwr1mutations. Wild-type (FY86) and mutant strains were spotted onto YPD plates
or YPD plates supplemented with 10 mg/liter doxycycline (doxy) and incubated for 6 days at 30°C.
FIG 2 Cellular localization of Rtp1p. (A) The wild type (FY86) and a iwr1
(iwr1-1) mutant expressing an Rtp1-GFP fusion were grown to the mid-
exponential phase in YPDmedium at 30°C. Cells were observed by differential
interference contrast (DIC) and fluorescence microscopy for GFP. The posi-
tion of the nuclei was visualized with DAPI. (B) Immunofluorescent localiza-
tion of HA-Rtp1p. The wild type (FY86) and a iwr1 (iwr1-1) mutant ex-
pressing PGAL10-RTP1, in which the wild-type promoter of RTP1was replaced
with the GAL10 promoter, including three copies of the HA epitope, were
processed for immunofluorescence microscopy with the 3F10 anti-HA anti-
body and Cy3-conjugated goat anti-mouse secondary antibody and stained
with DAPI to detect DNA. (C) The LMB-sensitive (LMBS) XPO1 mutant
strain (CCY001) expressing an Rtp1-GFP fusion was grown to the mid-expo-
nential phase inYPDmediumat 30°C.Cells were incubated for 2 h in either the
absence (LMB) or the presence (LMB) of 100 ng/ml LMB. Cells, Rtp1-
GFP, and nuclei were visualized as described for panel A.
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IWR1 (Fig. 2A and B). To check whether Rtp1p shuttles between
the nucleus and the cytoplasm in an Xpo1p-dependent manner,
we examined the localization of Rtp1-GFP in anXPO1T539Cmu-
tant strain. In this strain, leptomycin B (LMB) addition inhibits
Xpo1p-mediated transport (36). The cellular distribution of
Rtp1-GFP was not affected by LMB addition, even with long in-
cubations times (Fig. 2C).
Rtp1p interacts in vivo and in vitro with Nup100p and
Nup116p. In S. cerevisiae, there are 14 known members of the
Kap family. Besides theHEAT repeat architecture, these proteins
have similar molecular masses (90 to 150 kDa) and isoelectric
points (pI 4.0 to 5.0) (reviewed in reference 37). Rtp1p has a mo-
lecular mass of 113 kDa and an isoelectric point of 4.91 (Saccha-
romyces Genome Database).
Kap proteins bind weakly to the FG repeats of NPC nucleo-
porins and target Kap-cargo complexes to the NPC for translo-
cation (37). To investigatewhetherRpt1p interacts in vivowith the
FG-containing nucleoporins, we used the two-hybrid system by
fusing full-length Rtp1p with the LexA DNA binding domain
(LexA-Rtp1p), and the GLFG-containing region of Nup100p and
Nup116p with the Gal4p transcription activation domain (GAD-
Nup100p andGAD-Nup116p, respectively). Cotransformation of
LexA-Rtp1p and GAD-Nup100p (or GAD-Nup116p) had a neg-
ative effect on cell growth (results not shown). However, a weak
but significant interaction was observed in vivo between Rtp1p
and the nucleoporins by measuring the induction of the lacZ re-
porter gene (Fig. 3A). To test whether the detected two-hybrid
interaction between Rtp1p and the GLFG repeats of Nup100p and
Nup116p was direct, we performed soluble binding assays with
recombinant purified proteins. TheRTP1 open reading framewas
cloned into the pRSET-A plasmid. The Rtp1p protein expressed
by this plasmid includes a polyhistidine tag and the Xpress epitope
in the N-terminal region for immunological detection. The levels
of the fusion protein expressed by this plasmid were too low to be
detected by Coomassie staining, but it was detected by Western
blotting with the Xpress antibody. Rtp1p was purified as a His6
fusion protein by Ni-agarose chromatography and imidazole elu-
tion. The purified His6-Rtp1p fraction contained the full-length
protein (113 kDa) and smaller bands, likely corresponding to pro-
teolytic products (input, Fig. 3B). The GLFG regions of Nup116p
and Nup100p were purified as GST fusion proteins and immobi-
lized on glutathione-Sepharose. His6-Rtp1p was incubated with
GST-Nup116p, GST-Nup100p, or GST (control). Bound frac-
tions were separated and analyzed by Western blotting for the
Xpress epitope.His6-Rtp1pdid not bind toGST alone (Fig. 3B). In
contrast, the binding of the full-length His6-Rtp1p (but not the
smaller bands) was detected with both GST-Nup116p and GST-
Nup100p, suggesting a direct association between Rtp1p and the
GLFG regions of these proteins.
Kap familymembers also bindRanGTPpreferentially in their
N-terminal arches (37). Rtp1p was not identified in a homology
search based on an alignment of the conserved N-terminal region
of Kap proteins (38). Besides, we failed to identify Rtp1p among
the proteins bound to functional yeast Ran (Gsp1p or Gsp2p)
tagged with protein A (39) (results not shown).
The involvement of alternative pathways for importing RNA
pol II has been suggested after the identification of the conserved
GTPase RPAP4/GPN1/Npa3p as an RNA pol II nuclear import
factor (5, 7, 8). However, we also failed to detect an interaction in
vivo between Rtp1p and Npa3p (results not shown).
Rtp1p is required for nuclear import andphysically interacts
withRNApol II.The predicted structure of theRtp1p protein and
its interactions with nucleoporins suggest a role for this protein in
nucleocytoplasmic transport. Another gene identified in our
screen, which is both genetically and phenotypically related to
RTP1, IWR1, encodes a protein involved in the nuclear import of
RNA pol II (17). These results prompted us to analyze the effect of
rtp1 deletion on the cellular localization of RNA pol II. First, we
analyzed the distribution of the largest subunit of RNA pol II,
Rpb1p, by introducing an Rpb1p-GFP fusion into the wild-type
and rtp1 mutant strains. In the wild-type strain, Rpb1p was lo-
calized mainly in the nucleus, but it exhibited cytoplasmic local-
ization in the mutant strain containing an RTP1 deletion (Fig.
4A). This result was confirmed by in situ immunolocalization of
Rpb1p using an 8W16G antibody that reacts against the Rpb1p
carboxy-terminal domain repeats (results not shown).
Two major assembly intermediates of RNA pol II have been
described: one containing Rpb1p and another containing Rpb2p
(5, 9). To establish whether Rtp1p is also involved in the nuclear
import of other RNA pol II subunits, we investigated the localiza-
tion of Rpb2p in thertp1mutant. Similarly to Rpb1p, the muta-
tion in RTP1 caused the complete mislocalization of the second
largest RNA pol II subunit, Rpb2p (Fig. 4B).
In order to analyze whether Rtp1p is required for the import of
RNA pol I and RNA pol III, we constructed yeast strains carrying
GFP fusion proteins for the largest subunits of RNA pol I
(Rpa190p) and RNA pol III (Rpo31p). As observed in Fig. 4C, the
subcellular localization of these subunits was unaffected in the
rtp1mutant.
The above results indicate that Rtp1p is required for the nu-
clear import of RNApol II, suggesting that the enzyme is a cargo of
Rtp1p. Therefore, we investigated the interactions of Rtp1p with
different RNA pol II subunits. We evaluated the interaction be-
FIG 3 In vivo (two-hybrid) and in vitro (pulldown) interactions between
Rtp1p and the GLFG region of Nup100p and Nup116p. (A) -Galactosidase
activity resulting from the two-hybrid interactions between Rtp1p-GBD and
Nup100p-GAD and Nup116p-GAD. Assays were conducted in triplicate with
yeast transformants containing the respective plasmids along with pSH18-34.
Results obtained with pGAD-NUP100 and pGAD-NUP116 differed signifi-
cantly from those obtained with pGAD, as determined by the two-tailed Stu-
dent t test for groups of unequal variance (P 0.01). (B) Bacterially expressed
GST, GST-(GLFG)-Nup100, andGST-(GLFG)-Nup116were immobilized on
glutathione-agarose beads. Arrowheads indicate full-length (GLFG)-Nup100
and (GLFG)-Nup116 proteins. Recombinant purified Rtp1p-His6 was added,
and the bound fractionwas eluted. A total of 4%of the Rtp1p-His6 (input) and
eluted fractions were resolved by SDS-PAGE and detected byWestern blotting
with the Xpress antibody.
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tween Rtp1p and the two largest RNA pol II subunits and Rpb3p
using a strain expressing 3 HA-tagged Rpb2p and TAP-tagged
Rtp1p. The Rtp1p complex purified by tandem chromatography
and proteolytic cleavage with TEV protease included Rpb2p-HA
and, to a lesser extent, Rpb3p (Fig. 4D). None of these subunits
was recovered when a strain containing Rpb2p-HA, but not
Rtp1p-TAP, was used as a negative control. We were unable to
detect the Rpb1p subunit in the retainedRtp1p-TAP fraction (Fig.
4D), but an interaction between Rtp1p and Rpb1p was observed
when HA-tagged Rtp1p was overexpressed using the strong
GAL10 promoter (Fig. 4E). This result suggests that the interac-
tion betweenRtp1p andRpb1pwas tooweak or too transient to be
detected using wild-type levels of proteins. If this were the case, it
would be possible to increase the interaction between Rtp1p and
Rpb1p by interfering with the nuclear import of fully assembled
RNA pol II, as occurs in the absence of Iwr1p (17). Accordingly,
the TAP purification of Rtp1p in the iwr1 strain permitted the
detection of Rpb1p in the immunoprecipitated complex with
wild-type levels of proteins (Fig. 4F).
Iwr1p can be imported into the nucleus in the absence of
Rtp1p. Based on the presence of a bipartite NLS in Iwr1p and on the
in vitro binding of Iwr1p with karyopherin Kap60p, Czeko et al. re-
ported that Iwr1p directs RNA pol II import via Kap60p/Kap95p
(17).We confirmed this result by using GFP-tagged strains in which
KAP60 and KAP95 were expressed under the control of the GAL10
promoter with Iwr1p carrying a deletion in its nuclear export signal
[Iwr1(NES)-GFP]. This protein was expressed by using the strong
and regulatable tetO promoter. Cytoplasmic accumulation of
Iwr1(NES)-GFPwas observed after a 5-h incubation of the PGAL10-
KAP60 and PGAL10-KAP95mutant strains in glucose-containingme-
dium; after 7 h, fluorescence was observed throughout the cell
(Fig. 5A). As predicted by themodel suggested byCzeko et al., deple-
tion of Kap60p orKap95p also caused the cytoplasmic accumulation
of the Rpb1-GFP fusion protein, which was visible after 9 h of incu-
FIG 4 Rtp1p is required for the nuclear localization of RNApol II and physically interacts with the RNApol II subunits. The RNApol II subunits (Rpb1p in panel
A and Rpb2p in panel B) fused to GFPwere expressed in the wild-type andrtp1mutant strains. Yeast cells were grown in YPD at 30°C and harvested in the early
exponential phase. Living cells were observed by differential interference contrast (DIC) and fluorescence microscopy for GFP. The position of the nuclei was
visualizedwithDAPI. (C) The largest subunits of RNApol I (Rpa190p) andRNApol III (Rpo31p) expressed in thewild-type and thertp1mutantwere observed
as described in panel A. (D) Coimmunoprecipitation assays with endogenous TAP-tagged Rtp1p (lanes 2 and 4) and an untagged Rtp1p control strain (lanes 1
and 3). Both strains included a version of Rpb2p tagged at the C terminus with three copies of the HA epitope. TAP-tagged proteins were immunoprecipitated
with IgG-Sepharose and eluted by TEV protease digestion. The resulting Rtp1p-CBP fusion protein was purified by calmodulin-Sepharose chromatography.
Proteins in the extract (total proteins [lanes 1 and 2] or protein associated with Rtp1p, retained proteins [lanes 3 and 4]) were detected by immunoblotting with
anti-TAP (Thermo Scientific) for Rtp1p-TAP, the 3F10 anti-HA antibody (GE Healthcare) for Rpb2p-HA, the 8WG16 antibody (Covance) for Rpb1p, or the
anti-Rpb3p antibody (NeoClone) for Rpb3p. (E) Strain PGAL10-RTP1, in which the wild-type promoter of RTP1 was replaced with the GAL10 promoter,
including three copies of theHA epitope (lanes 2 and 4) and an untagged control strain (lanes 1 and 3), whichwere grown inYPGal to the early exponential phase.
The Rtp1p-HAprotein was immunoprecipitated with anti-HA Sepharose beads (GEHealthcare). Proteins in the extract (total proteins [lanes 1 and 2] or protein
associated with Rtp1p, retained proteins [lanes 3 and 4]) were detected by immunoblotting with the 3F10 anti-HA antibody (GE Healthcare) for Rtp1p-HA or
the 8WG16 antibody (Covance) for Rpb1p. (F) Endogenous TAP-taggedRtp1p in theiwr1mutant strain (lanes 2 and 4) and untaggedRtp1p in aiwr1mutant
as a control (lanes 1 and 3) were used for the coimmunoprecipitation assay as described for panel D.
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bation in glucose; nonetheless, complete loss of the nuclear signal
required longer incubation times (results not shown).
We also constructed a mutant strain in which RTP1 was ex-
pressed under the control of the GAL10 promoter. As expected,
growth of the PGAL10-RTP1 strain in glucose was impaired, al-
though Rtp1p-depleted cells still grew better than the rtp1 null
strain (results not shown). Depletion of Rtp1p caused the cyto-
plasmic accumulation of theRpb1p-GFPprotein (Fig. 5B).Unlike
the kap60 and kap95mutants, however, the impaired localization
of Rpb1p in the rtp1 mutant did not correspond to the cytoplas-
mic accumulation of Iwr1(NES)-GFP, as this protein was ob-
served in the nucleus even after a 24-h incubation in glucose (Fig.
5A). The nuclear localization of Iwr1(NES)-GFP was not a con-
sequence of the residual expression of the PGAL10-RTP1 promoter
in glucose because Iwr1(NES)-GFP was also detected in the nu-
cleus of the rtp1 null strain (results not shown). These results
suggest that Iwr1p, and likely other proteins containing a classical
NLS, can be imported into the nucleus in the absence of Rtp1p.
Once again, Rtp1p was not required for the nuclear import of the
TATA binding protein (Tbp1p) (results not shown), which is me-
diated by Kap114p (40).
In order to determine whether other karyopherins participate
in the nuclear import of RNA pol II, we also analyzed the effect of
the mutation in a variety of karyopherin genes on the localization
of Rpb1p. In all of the mutants tested (kap108, kap114,
kap120, kap122, kap123, and PtetO-PSE1mutants in doxycy-
cline-containing medium), the localization of Rpb1p remained
unchanged (results not shown).
Rtp1p interacts with components of the R2TP complex. In
order to further characterize Rtp1p, we proceeded to identify the
proteins that associate with Rtp1p by using AP-MS. We purified
Rtp1p-TAP and analyzed the enriched calmodulin eluate by using
MudPIT to identify the polypeptide mixture present in our affin-
ity purification. Our MudPIT analysis (Table 1) not only con-
firmed the interaction between Rtp1p and Rpb2p detected by co-
immunoprecipitation (Fig. 4D) but revealed an interaction
between Rtp1p and three of the four subunits of the R2TP com-
plex (Rvb1p, Rvb2p, andPih1p). TheR2TP complex is involved in
distinct cellular processes, including RNA pol II assembly (41).
The interaction between Rtp1p and some of these proteins was
corroborated by Western blotting (Fig. 6A and B). However, we
failed to detect an interaction between Rtp1p and the fourth com-
ponent of the R2TP complex not identified in our MudPIT anal-
ysis, Tah1p (result not shown).
In human cells, it has been suggested that the R2TP complex
promotes the association of Rpb1p with the assembling polymer-
ase (4, 9). A similar situation might occur in yeast since we de-
tected an interaction between R2TP component Rvb2p and
Rpb1p (Fig. 6C).
The involvement of the R2TP components in the nuclear im-
FIG 5 Localization of Iwr1p(NES) (A) and Rpb1p (B) in cells depleted of Rtp1p (PGAL10-RTP1) or the components of the-importin pathway (PGAL10-KAP60
and PGAL10-KAP95). Iwr1p(NES) and Rpb1p fused to GFP were expressed in cells in which the promoter of RTP1, KAP60, or KAP95 was replaced with the
regulatableGAL10promoter. Cells were grown inYPGal (Galactose), harvested in the early exponential phase, and transferred toYPD (Glucose) for the indicated
times. Living cells were observed by differential interference contrast (DIC) and fluorescence microscopy.








Rpb2p RNA pol II subunit 4 5
Rvb1p RuvB-like protein 1 4 13
Rvb2p RuvB-like protein 2 3 7
Pih1p Protein interacting with Hsp90 1 3.5
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port of RNA pol II was studied by analyzing the localization of the
two largest subunits, Rpb1p andRpb2p, by usingGFP-tagged pro-
teins in strains carrying deletions of TAH1 and PIH1 or repressing
the essentialRVB2 gene under the control of the PtetO promoter in
the presence of doxycycline. A strain carrying RVB1 under the
control of the PtetO promoter did not show any detectable growth
defect in the presence of doxycycline and was not further used.
Depletion of Rvb2p and deletion of PIH1 slightly increased the
cytoplasmic levels of Rpb1-GFP andRpb2-GFP (Fig. 7).However,
we observed no effect on the distribution of any of the RNA pol II
subunits we analyzed upon the deletion of TAH1 (Fig. 7).
Mislocalization of Rpb2-GFP caused by the expression of
Rpb2tp, a truncated form of Rpb2p, can be suppressed by the
overexpression of Rtp1p. The interaction of Rtp1p with compo-
nents of the R2TP complex and the recovery of RNA pol II sub-
units in nonstoichiometric amounts in immunoprecipitated
Rtp1p-TAP (Fig. 4D and E) may be indicative of a role for Rtp1p
inRNApol II biogenesis. The preeminent interactionwith Rpb2p,
and to a lesser extent with Rpb3p, is in agreement with a role for
Rtp1p in facilitating the interaction of Rpb2p with the Rpb3 sub-
assembly. This function is also consistent with the observation
that the overexpression of the RPB2 gene partially alleviates
the requirement of Rtp1p for cell growth (result not shown). The
interaction between Rtp1p and Rpb2p prompted us to revise the
effect that the expression of a truncated allele of RPB2 (named
rpb2t) could have on RNA pol II localization. The expression of
Rpb2tp, from a 2m-based plasmid, as occurs with the deletion of
genes RTP1 and IWR1, suppresses the growth defects caused by
the depletion of NC2 components (13). We hypothesized that the
suppressing effect of the truncatedRpb2p subunit could be caused
by an impairment of RNA pol II biogenesis through the squelch-
ing of Rtp1p. To test this hypothesis, we first analyzed the effect of
Rpb2tp expression on the cellular localization of RNA pol II. Fig-
ure 8A and B show that the presence of a multicopy plasmid con-
taining the truncated rpb2t allele (YEp-Rpb2t) increases the cyto-
solic signal of Rpb2-GFP and, to a lesser extent, Rpb1-GFP. Next,
we checked whether the effect of Rpb2tp could be reversed by
overexpressing Rtp1p. As our hypothesis predicted, the overex-
pression of RTP1 under the control of the GAL10 promoter res-
cues the Rpb2-GFP nuclear localization defect in YEp-Rpb2t
transformants (Fig. 8C and D).
Rtp1pphysically interacts in vivowith theN-terminal region
of Rpb2p. Suppression of the rpb2t-induced mislocalization of
RNApol II byRTP1 overexpression suggests a physical interaction
between the two proteins. In order to determine whether Rtp1p
and Rpb2tp interact, we used a strain expressing 3  HA-tagged
Rtp1p and TAP-tagged Rpb2tp. HA-Rtp1p was recovered in the
immunoprecipitate, but not when a strain containing HA-Rtp1p,
and not Rpb2tp-TAP, was used as a negative control (Fig. 8E). The
truncated RPB2 allele contains the coding sequence for the first
379 amino acids of a total length of 1,224 residues for Rpb2p (13).
Rpb3p was not detected in the Rpb2t-TAP complex (Fig. 8E),
suggesting that the interaction between Rtp1p and Rpb2p may
occur without Rpb3 subassembly binding.
Depletion of Rpb2p prevents the nuclear import of RNA pol
II. Depletion of any RNA pol II subunit from human cells results
in an accumulation of Rpb1p in the cytoplasm, suggesting that the
cytoplasmic assembly of RNA pol II occurs prior to nuclear im-
port (9). Our results suggest a similar situation in yeast, where the
defective assembly of the Rpb2 subcomplex in the rtp1mutant can
prevent the nuclear import of other subunits, like Rpb1p. In order
to check whether the absence of Rpb2p causes the mislocalization
of Rpb1p, we used a strain in which the promoter of RPB2 was
substituted for the repressible tetO promoter. The localization of
Rpb1pwas analyzed in both the absence and the presence of doxy-
cycline. Figure 9 shows that the depletion of Rpb2p resulted in the
mislocalization of Rpb1p; analogously, the depletion of Rpb1p
resulted in the mislocalization of Rpb2p (Fig. 9).
DISCUSSION
In the present study, we identified a previously uncharacterized
protein, Rtp1p, as a new component of the RNA pol II biogenesis
machinery. Rtp1p is phenotypically related to Iwr1p, a protein
whose depletion leads to RNA pol II import defects (17). Both
mutations iwr1 and rtp1 have been identified as suppressors of the
growth defect caused by the depletion of the NC2 transcriptional
repressor (13). In addition, in our genetic screen, we isolated mu-
tants in different components of the basic transcriptionalmachin-
ery, including Mediator, TFIIH, and RNA pol II itself. Therefore,
one main conclusion drawn from our results is that NC2 defects
can be compensated by impairing RNA pol II holoenzyme activity
in different ways, including a reduction in the amount of nuclear
RNA pol II due to defective nuclear import.
The current model of RNA pol II nuclear import suggests the
assembly of the enzyme in the cytoplasm before it is imported into
the nucleus. This model is based mainly on the observation that
FIG 6 Rtp1p interacts with components of the R2TP complex. (A and B)
Coimmunoprecipitation assays with endogenous TAP-tagged Rtp1p (lanes 2,
4, and 6) and the untagged Rtp1p control strain (lanes 1, 3, and 5). Both strains
included a version of Rvb2p (A) or Pih1p (B) tagged at the C terminus with
three copies of the HA epitope. TAP-tagged proteins were immunoprecipi-
tated with IgG-Sepharose. Rtp1p-TAP was detected by immunoblotting with
anti-PAP antibody (Sigma), while Rvb1p-HA and Pih1p-HA were detected
with the 3F10 anti-HA antibody (GE Healthcare). In panel B, no sample was
loaded in the lane between the nonretained and retained fractions. (C) Rvb2p
interacts with Rpb1p. Rpb1p was immunoprecipitated with the 8WG16 (anti-
Rpb1) antibody in a strain containing a version of Rvb2p tagged at the C
terminus with three copies of the HA epitope. Proteins were detected with the
8WG16 (Rpb1p) and 3F10 anti-HA (Rvb2p) antibodies.
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depletion of any RNA pol II subunit in human cells leads to the
cytoplasmic accumulation of Rpb1p (12). Here we show in yeast
that the nuclear import of one of the two large subunits (Rpb1p
and Rpb2p) depends on the presence of the other, and vice versa
(Fig. 9), suggesting that the nuclear import of yeast RNApol II also
requires a fully assembled enzyme in the cytoplasm. Once assem-
bled, Iwr1p binds to RNApol II and uses its NLS to direct the RNA
pol II nuclear import through a karyopherin -dependent path-
way (17). Although the phenotypical consequences of the deletion
of IWR1 and RTP1 are similar, our data suggest that the function
of Rtp1p in nuclear transport is independent of the classical im-
portin  pathway because Iwr1p can be imported into the nucleus
in the absence of Rtp1p (Fig. 5). Besides, Iwr1p and Rtp1p display
different patterns of interaction with the RNA pol II subunits.
Interactions between Iwr1p and almost every RNA pol II subunit
have been detected in high-throughput MS screens (15, 16). In
line with this, Czeko et al. have reported that Iwr1p binds to the
active-center cleft of RNA pol II, which is formed by the associa-
tion of subassemblies Rpb1 and Rpb2, the last event in RNA pol II
assembly (17). Conversely, our MudPIT analysis of the proteins
that interact with Rtp1p identified an interaction with Rpb2p but
with no other RNA pol II subunits (Table 1). This interaction was
confirmed by coimmunoprecipitation, which also revealed a
weaker interaction with Rpb3p (Fig. 4D). We interpret the phe-
notype of the rtp1mutant and its pattern of interactionswith RNA
pol II subunits as being indicative of a role for Rtp1p in RNApol II
assembly (see Fig. 10). Absence of Rtp1pwould block the assembly
process, leading to a cytoplasmic accumulation of the RNA pol II
subunits (Fig. 4A and B). The RNA pol II assembly process pro-
posed byWild and Cramer involves the formation of an interme-
FIG 7 Nuclear localization of Rpb1p and Rpb2p in R2TP complex mutants. (A) The indicated subunits of RNA pol II fused to GFP were expressed in a strain
in which the wild-type promoter of RVB2 was replaced with the tetO promoter. Yeast cells were grown to the early exponential phase in YPD at 30°C and then
transferred to YPDwith or without 10mg/liter doxycycline and incubated for 8 h at 30°C. (B) The indicated subunits of RNA pol II fused to GFP were expressed
in the wild-type and pih1 and tah1 mutant strains. Yeast cells were grown in YPD at 30°C and harvested in the early exponential phase. Living cells were
observed by differential interference contrast (DIC) and fluorescence microscopy for GFP. (C)Mean ratio of the quantified nuclear/cytoplasmic fluorescence	
the standard error of themean (n
 30 cells) of theRpbGFP fusion proteins shown in panels A andB. The graph represents the average nuclear/cytosolic intensity
ratio derived from at least three independent cultures.
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diate containing subassemblies Rpb2 and Rpb3, followed by the
binding of the Rpb1 subassembly (4). Our data indicate that
Rtp1p interacts with Rpb2p. This interaction occurs through the
N-terminal part of Rpb2p, as shown by the interaction between
Rtp1p and a truncated version of Rpb2p, Rpb2tp (Fig. 8E). On the
other hand, the absence of Rpb3p from the Rtp1p-Rpb2tp com-
plex indicates that the interaction between Rtp1p and Rpb2p oc-
curs before docking of the Rpb2 subassembly to the Rpb3 subas-
sembly. We propose that Rtp1p works as an Rpb2p chaperone by
facilitating the interaction between Rpb2p and the Rpb3 subas-
sembly. Whether Rtp1p dissociates from the intermediate con-
taining theRpb2 andRpb3 subassemblies or if it remains through-
out the RNA pol II import process is a more controversial
question. We were unable to observe an interaction between
Rtp1p and Rpb1p when these proteins were expressed at the wild-
type levels (Fig. 4D). This could imply that Rtp1p dissociates from
Rpb2p after Rpb3 subassembly binding or that the interaction
with the Rpb1 subassembly is too transient to be detected by co-
immunoprecipitation. Our results support the notion that the in-
teraction between Rtp1p and RNA pol II is maintained during the
RNApol II assembly process. Thus, an interaction betweenRpb1p
and Rtp1p was detected when Rtp1p was overexpressed (Fig. 4E),
and the accumulation of RNA pol II competent complexes in the
FIG 8 (A) Localization of Rpb1p and Rpb2p in cells expressing Rpb2tp. Rpb1p and Rpb2p fused to GFP were expressed in cells transformed with plasmid
YEp-Rpb2t or the empty vector YEplac181. (B)Mean ratio of the quantified nuclear/cytoplasmic fluorescence of the Rpb GFP fusion proteins shown in panel A.
(C) Suppression of the Rpb2p mislocalization in cells expressing Rpb2tp by Rtp1p overexpression. (D) Mean ratio of the quantified nuclear/cytoplasmic
fluorescence of theRpb2-GFP fusion in the strains shown in panel C.Cells transformedwith the indicated combination of plasmidswere grown inYPD (Glucose)
or YPGal (Galactose) and harvested in the early exponential phase. Living cells were observed by differential interference contrast (DIC) and fluorescence
microscopy. The graph represents the average nuclear/cytosolic intensity ratio 	 the standard error of the mean (n 
 30 cells) derived from at least three
independent cultures. (E) Rtp1p interacts with Rpb2tp. Coimmunoprecipitation assays with TAP-tagged Rpb2tp (lanes 2 and 4) and an untagged control strain
(lanes 1 and 3). Both strains included a version of RTP1 in which the wild-type promoter of RTP1was replaced with theGAL10 promoter, including three copies
of the HA epitope. TAP-tagged proteins were immunoprecipitated with IgG-Sepharose. The proteins in the extract (total proteins [lanes 1 and 2] or immuno-
precipitated proteins [lanes 3 and 4]) were detected by immunoblotting with anti-TAP antibody (Thermo Scientific) for Rpb2tp-TAP, the 3F10 anti-HA
antibody (GE Healthcare) for HA-Rtp1, or the anti-Rpb3p antibody (NeoClone) for Rpb3p.
FIG 9 Cellular localization of RNApol II in cells depleted of different RNApol II
subunits. The indicated subunits of RNApol II (Rpb1p and Rpb2p) fused toGFP
were expressed in strains inwhich thepromoters of the genes encodingRNApol II
subunitsRpb1p andRpb2pwere replacedwith the tetOpromoter. Yeast cellswere
grown in YPD at 30°C, harvested in the early exponential phase, transferred to
YPD either lacking (YPD) or containing 10 mg/liter doxycycline (YPDdoxy),
and incubated for 8 h at 30°C. Living cells were observed by differential interfer-
ence contrast (DIC) and fluorescence microscopy for GFP.
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cytoplasm through the deletion of Iwr1p allowed the detection of
Rpb1p in affinity-purified Rtp1-TAP complexes without protein
overexpression being required (Fig. 4F). The presence of Rtp1p in
the complex formed by the association of subassemblies Rpb1 and
Rpb2/Rpb3 is also hinted at by the interaction of Rtp1p and the
components of the R2TP complex (Table 1 and Fig. 6). Based on
the analysis of RNApol II assembly intermediaries in human cells,
suggestions have beenmade that theR2TP complex participates in
the recruitment ofHsp90 to the Rpb1 subassembly to promote the
association of Rpb1p with the assembling polymerase (4, 9). We
also detected an interaction between R2TP and Rpb1p (Fig. 6C).
Thus, the interaction between Rtp1p and the components of the
R2TP complexmay be indicative of the presence of both assembly
factors in the complex formed by the association of Rpb1 and
Rpb2/Rpb3 subassemblies. To our knowledge, this is the first time
that the R2TP complex has been related with RNA pol II biogen-
esis in yeast. R2TP has been identified in yeast as an Hsp90 co-
chaperone, and it consists of four proteins: Rvb1p, Rvb2p, Tah1,
and Pih1p (10). Our analysis identified an interaction among
Rtp1p andRvb1p, Rvb2p, andPih1p (Table 1 and Fig. 6) but failed
to detect an interaction with Tah1p. In the R2TP complex, Pih1p
binds directly to the Rvb1p-Rvb2p complex but Tah1p does not
(42). The failure to detect Tah1p in the Rtp1p complexmay be due
to experimental problems but might also indicate that a subcom-
plex containing Rvb1p-Rvb2p and Pih1p interacts with Rtp1p in
yeast. The participation of this subcomplex in RNA pol II biogen-
esis is indicated by the partial defects in the cellular localization of
the large RNA pol II subunits observed in Rvb2p-depleted cells
and in thepih1mutant but not in thetah1mutant. In any case,
mutations in the components of the R2TP complex have only
minor effects on the cellular distribution of the enzyme subunits,
suggesting a secondary role for this complex in yeast RNA pol II
biogenesis.
After the cytoplasmic assembly of RNA pol II, Rtp1p may ei-
ther be displaced from RNA pol II or remain associated with the
fully assembled enzyme by participating in transport through the
NPC (Fig. 10). The structural analysis shows that Rtp1p possesses
the characteristicmolecular architecture of karyopherins. Besides,
Rtp1p is able to interact with FG-containing nucleoporins in vivo
and in vitro (Fig. 3). Therefore, it is tempting to speculate that
Rtp1p can also act as an additional facilitator (together with
Kap60p/Kap95p) in theRNApol II import pathway.Nevertheless,
we failed to detect an interaction between Rtp1p and Ran (Gsp1p
andGsp2p) orNpa3p, suggesting that the putative role of Rtp1p in
nuclear import differs from that of the known karyopherins. Be-
sides, unlike Iwr1p, Rtp1p does not shuttle between the nucleus
and the cytoplasm in an Xpo1-dependent manner. Thus, further
studies are required to establish whether Rtp1p plays a role in the
transport of RNA pol II through the NPC.
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